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In the past decade, significant effort has been put towards the detection of magnetic micro-and nano-particles using spintronic sensors. This work has led to the development of the new spintronic immunoassay ͑SIA͒ technology. [1] [2] [3] In these magnetic sensor-based biological applications, the detection of the presence or absence of magnetic labels is one of the key issues. On-chip giant magnetoresistive ͑GMR͒ sensors have been extensively studied as biosensors for biomolecular detection and recognition. [4] [5] [6] [7] However, to the best of our knowledge, no one has yet attempted to apply magnetic tunnel junctions ͑MTJs͒ to this emerging SIA application. In this letter, we report our results on detecting superparamagnetic beads in solution using MTJ sensors combined with microfluidic channels.
MTJ devices have been developed for commercial applications in magnetoresistive random access memory 8 and magnetic field sensing. 9 Compared with GMR sensors, MTJs offer higher magnetoresistance ͑MR͒ ratios and therefore higher sensitivity at low fields. As a result, MTJs are better suited for the accurate detection of the small ͑Ͻ1 Oe͒ fields, which are typically encountered in biological applications. In addition, very large magnetoresistances ͑over 200%͒ have recently been observed in MTJ devices using MgO tunnel barriers. 10, 11 These values are an order of magnitude superior to those reported for contemporary GMR sensors. In addition, MTJ sensors can be integrated into high-density magnetic sensor arrays due to their current-perpendicular-toplane geometry. 12 These arrays should be capable of on-chip multianalyte detection. In this letter, we demonstrate that a single MTJ sensor has the ability to detect single magnetic beads, with an average signal level of 80 V and a signalto-noise ratio ͑SNR͒ of 24 dB.
The MTJ sensors used in our study had the following layer structure: Pt ͑300 Å͒ /Py ͑30 Å͒ / FeMn ͑130 Å͒ /Py ͑60 Å͒ /Al 2 O 3 ͑7 Å͒ /Py ͑120 Å͒ /Pt ͑200 Å͒. Py stands for permalloy. The sensors were patterned using standard optical lithography followed by Ar ion-beam etching; detailed MTJ sensor fabrication processes are described in a previous work. 13, 14 We have used elliptical junctions with lateral dimensions of 2 ϫ 6 m throughout this work. Figure 1 shows a typical transfer curve of one such MTJ sensor with a MR ratio of 15.3% and a device resistance of 142 ⍀. Over the field range of 0 -15 Oe, a magnetic sensitivity of 0.4% / G is typical for these sensors.
We have used a microfluidic channel to funnel magnetic beads in solution toward the active area of the MTJ device. SU-8, a negative photoresist, was used to define microchannels as masters on a silicon wafer. Polydimethysiloxane ͑PDMS͒ was then poured onto the master and cured for 1 h at 75°C. The microchannel was replicated into PDMS and mounted directly over the sensor active area. In order to bond the sensor with the PDMS channel, both were treated in oxygen plasma for 1 min and then pressed together. 15, 16 Figure 2͑a͒ is an optical image of the finished sensor die after integration with the microfluidic channel. The channel used in our experiment had a height of 50 m and a width of 600 m.
Superparamagnetic Dynabeads® ͑M-280͒ are polymer beads with an even dispersion of iron oxide ͑␥-Fe 2 O 3 ͒ nanoparticles, and are commonly used as magnetic labels for biomolecules. 4 They have a highly uniform spherical shape with a diameter of 2.8 m and a susceptibility of ϳ0.04. Magnetic microbeads ͑M-280͒ were dispersed in deionized ͑DI͒ water ultrasonically, and then pumped into the microchannel through microtubes. A syringe pump ͑World Precision Instruments' SP101i͒ was used to control the rate of fluid flow through the channel, down to a minimum flow rate of 0.01 mL/ min. Because M-280 beads have a higher density ͑ϳ1.3 g / cm 3 ͒ than DI water, the beads will settle at the bottom of the channel at sufficiently slow flow rates. In this case, the beads will roll along the bottom surface of the channel, which is coincident with the top of the MTJ sensor die, ensuring a minimal separation between the beads and the MTJ sensor. Figure 2͑b͒ shows an optical image of a single 2.8 m diameter bead sitting on the sensor area.
The sensor is operated in an ac bridge configuration and the signal extracted using a lock-in technique. Two crossed pairs of toroidal electromagnets provide in-plane static magnetic fields H e ͑in the sensing direction͒ and H b ͑perpendicu-lar to the sensing direction͒. These applied fields bias the MTJ sensor, allowing it to operate in its most sensitive and linear region ͑Fig. 1 shows a typical transfer curve͒. When a bead comes near the MTJ sensor, the magnetic dipole field of the superparamagnetic particle cancels a small fraction of the applied field at the MTJ, resulting in a sensor resistance drop ⌬R sen from R sen 0 to R sen . The corresponding voltage change across the bridge is given by
where Ṽ bias is the ac bias voltage cross the bridge, R 2 ͑vari-able͒, R 3 , and R 4 are the resistances of the three arms of the bridge, and R sen is the sensor resistance. Assuming a balanced bridge, R 2 Ϸ R sen 0 , R 3 = R 4 . When R 3 ӷ R sen , R sen 0 , Eq. ͑1͒ can be simplified:
where ⌬R sen is the sensor resistance drop due to the presence of magnetic beads. The ac voltage used to bias the bridge ͑Ṽ bias ͒ was chosen to be 1 V, corresponding to a voltage drop of ϳ60 mV rms across the MTJ sensor itself. The bias voltage frequency was set to 8 kHz to minimize the effects of 1/ f noise. Figure 3 plots the real-time voltage output of the MTJ sensor for an interval during which several beads pass over the MTJ one at a time. Each sharp signal drop ͑points A, C, D, H, and I͒ corresponds to an event where a single bead passes by the sensor quickly. Plateaus are observed ͑points B and G͒ when the beads stick to the sensor area for a longer interval. Points E and F correspond to a situation where two beads are attached to the junction simultaneously. Starting from point E, a single bead sits on the sensor for about 20 seconds, during which a voltage of ϳ80 V is observed. At point F, another bead approaches the sensor and sticks to it along with the first one for about 3 s. This results in an additional contribution to the sensor voltage of ϳ60 V ͑point E͒.
In Table I , we summarize the parameters used in these measurements. A consistent average signal of 80 V was observed for single beads over many measurements. This figure corresponds to a SNR of 24 dB, which is superior to that reported for GMR sensors. 6, 7 It should be noted that for some beads ͑points C, H, and I͒ the signal level is less than 80 V. This can be explained by a variation in the bead-tosensor separation for different beads, since the motion of the beads in the microfluidic channel is not well controlled. The observed signal is highest when beads cross over the central area of the sensor. The amplitude of this signal variation is denoted by the shadowed region in Fig. 3 . The size of this area can be considered the normal signal range for a single bead. The magnetic dipole field generated by a single M-280 bead in the sensing direction in a 15 Oe external field was calculated using finite element simulations ͑FEMLAB®͒. The distance between the M-280 bead and the active area of the MTJ is estimated to be 1.8 m ͑consisting of the 1.4 m bead radius, plus a 0.2 m contact layer, and 0.2 m of passivation͒. The bead is assumed to sit at the center of sensor area. Integrating over the full extent of the sensing area, an average field value of 0.4 Oe was obtained, corresponding to a resistance change of 0.22 ⍀. This value is consistent with experimental results and indicates that the MTJ sensor is easily capable of detecting suboersted magnetic fields in an aqueous environment. Encouraged by these results, we are currently designing high-density MTJ senor arrays that will be integrated into DNA probes for high-sensitivity DNA fragment detection.
In summary, we have fabricated a series of highly sensitive micron-scale MTJ sensors that have been used to detect the presence of single superparamagnetic M-280 beads. Microfluidic channels were integrated with the MTJ sensors in order to transport M-280 beads in solution to the sensor area. Real-time measurements of the sensor voltage show a series of drops of similar amplitude, where each signal drop corresponds to the passing of a single bead over the MTJ sensor area. The signal amplitude corresponding to a single bead is dependent on the effective bead-to-sensor distance. In general, we have obtained an average signal of 80 V for a single bead, with a SNR of 24 dB. These results demonstrate the potential for using MTJ sensors for biomolecular detection. In future studies, we intend to fabricate highdensity MTJ sensor arrays to improve the performance of the technique.
